In this study, we report on three Japanese patients with cytochrome P450 oxidoreductase (POR) deficiency (PORD). Case one was a 46,XY patient who was found to have mildly increased 17␣-hydroxyprogesterone (17-OHP) by the neonatal mass screening. There was no maternal virilization during pregnancy, and he had no skeletal or genital abnormality. Thus, he was initially diagnosed as having nonclassical 21-hydroxylase deficiency (21-OHD). Cases two and three were 46,XX patients who were identified because of severely virilized external genitalia and maternal virilization during pregnancy. In case two, the neonatal mass screening was normal, and she had no skeletal abnormality except for mild adduction of bilateral third toes. Thus, she was initially diagnosed as having aromatase deficiency. In case three, the neonatal mass screening showed moderately increased 17-OHP, and no skeletal lesion other than rigid second metacarpophalangeal joints was identified in early infancy. Thus, she was initially suspected as having 21-OHD and/or aromatase deficiency. Subsequently, endocrine studies including urine steroid hormone analysis were performed for the assessment of glucocorticoid treatment in case one and for the virilized genitalia in cases two and three, showing adrenal and/or gonadal dysfunction characteristic of PORD. Thus, molecular analysis of POR was carried out, demonstrating homozygosity for R457H in cases one through three. The results imply that clinical features in PORD can be similar to those in 21-OHD or aromatase deficiency, and that comprehensive assessment of the pregnant course, physical examination, and adrenal and gonadal function studies is essential for the precise diagnosis of PORD. (Pediatr Res 59: 276-280, 2006) 
C ytochrome P450 oxidoreductase (POR) deficiency (PORD) is a recently established autosomal recessive disorder caused by mutations in the gene encoding an electron donor of all microsomal P450 enzymes (1) (2) (3) . Clinical features of this condition include skeletal malformations referred to as Antley-Bixler syndrome (ABS) and insufficient glucocorticoid production with increased 17␣-hydroxyprogesterone (17-OHP) in patients of both sexes, normal to poor masculinization during fetal and pubertal periods in male patients, and virilization during fetal life and poor pubertal development without worsening of virilization in female patients, together with maternal virilization and low estriol (E 3 ) during pregnancy (3) (4) (5) . In addition, polycystic ovary (PCO) is frequently observed in affected females (1, 2, 4) . Such clinical features are primarily explained by impaired activities of CYP51A1 (lanosterol 14␣-demethylase) involved in cholesterologenesis and of CYP21A2 (21-hydroxylase), CYP17A1 (17␣-hydroxylase and 17,20 lyase), and CYP19A1 (aromatase) involved in steroidogenesis (3, 4, 6) .
Clinical features in PORD are highly variable among patients. For example, skeletal manifestation ranges widely from typical ABS to nearly normal findings (1, 3, 4) . Thus, some patients may have clinical phenotype similar to that of 21-hydroxylase deficiency (21-OHD) characterized by steroidogenic impairment with increased 17-OHP in patients of both sexes and virilization in female patients (7) . Similarly, other patients may exhibit clinical phenotype similar to that of aromatase deficiency associated with virilization and gonadal dysfunction with PCO in female patients and maternal virilization and low E 3 during pregnancy (8, 9) . Here, we report on previously unreported three patients with PORD who were initially regarded as having nonclassical 21-OHD and/or aromatase deficiency.
METHODS

Patients.
Case one was the 2.82 kg (-0.4 SD) product born to unrelated and healthy parents at 38 wk of gestation in a local hospital. There was no maternal virilization during the pregnancy. Immediately after birth, he received surgical treatment for imperforate anus. There was no skin pigmentation or external genital abnormality. Since the neonatal mass screening performed at 23 d of age after the operation showed a mildly elevated 17-OHP (20.1 nmol/L) (cut off value, 10.0 nmol/L), he was referred to Jikei University Hospital. Blood endocrine studies suggested the diagnosis of nonclassical 21-OHD, and glucocorticoid replacement therapy was started from four months of age. The karyotype was 46,XY. Subsequently, urine steroid profile analysis was performed for the assessment of glucocorticoid therapy, revealing combined CYP21A2 and CYP17A1 deficiency. After the molecular diagnosis of PORD at 4.5 y of age, bone survey was performed, showing no discernible skeletal abnormalities. On the last examination at 4 y and 10 mo of age, he showed normal growth and development, and did not experience adrenal failure on the glucocorticoid supplementation therapy with the hydrocortisone dosage being gradually tapered from 10 to 3 mg/m 2 /d during the 4.5 y.
Case two was born to non-consanguineous and healthy parents at 39 wk of gestation with a birth length of 47.7 cm (-0.5 SD) and a birth weight of 2.54 kg (-1.3 SD) at a local hospital. Maternal virilization was noticed at the third trimester, and urine E 3 measured only once at 35 wk of gestation was found to be low (30 M) (normal range, 35-180 M). External genitalia were severely virilized (Prader stage 5) (10) with a phallus-like structure of 1.0 cm long and complete labial fusion (Fig. 1) . The meatus opened at the tip of the phallus-like structure. There was no skin pigmentation. The neonatal mass screening at five days of age was normal, and chromosome analysis revealed a 46,XX karyotype. Thus, she was initially diagnosed as having aromatase deficiency and was reared as a female. She was referred to National Center for Child Health and Development, and endocrine studies showed combined CYP21A2 and CYP17A1 and ovarian dysfunction. Thus, PORD was suspected and confirmed by molecular analysis. Subsequent physical examination revealed no demonstrable somatic abnormality indicative of skeletal lesion except for mild adduction of bilateral third toes. At three months of age, magnetic resonance imaging delineated bilateral PCO. She received genitoplasty at 18 mo of age. On the last examination at five years old, she showed normal growth and development, and had no adrenal crisis under no medication.
Case three was born to non-consanguineous and healthy parents at 37 wk of gestation at a local hospital. The mother showed virilization at the third trimester. The birth length was 49.6 cm (ϩ1.2 SD), the birth weigh 3.06 kg (ϩ1.0 SD), and the birth head circumference 33.6 cm (ϩ0.6 SD). Physical examination showed severely virilized external genitalia (Prader stage 5) with a phallus-like structure of 2.0 cm long and complete labial fusion (Fig. 1) . The meatus opened at the tip of the phallus-like structure. There was no skin pigmentation. The neonatal mass screening at five days of age showed moderately elevated 17-OHP (56.5 nmol/L), and chromosome analysis showed a 46,XX karyotype. Thus, she was initially suspected as having 21-OHD and/or aromatase deficiency, and was raised as a female. Although some rigidity was noticed at the bilateral second metacarpophalangeal joints, it was regarded as a co-incidental phenotype. She was referred to Keio University Hospital, and PORD was suspected and confirmed by urine steroid profile analysis and molecular analysis. At two months of age, bilateral PCO was identified by magnetic resonance imaging. At four months of age, although her head circumference was normal (41.5 cm, ϩ0.3 SD), premature closure of anterior fontanel was noted, and a bone survey indicated the tendency of craniosynostosis and bilateral arachnodactyly. At 12 mo of age, she showed normal growth and development, and had no episode of adrenal crisis under no medication. She has been planned to receive genitoplasty at 1.5 y of age.
Endocrine studies. Serum adrenal steroids were measured before and after ACTH stimulation (250 g/m 2 bolus IV; blood sampling at 0 and 60 min) in cases one through three. In cases two and three, basal and peak serum LH and FSH were obtained during a gonadotropin releasing hormone stimulation test (100 g/m 2 bolus IV; blood sampling at 0, 30, 60, 90, and 120 min), and serum testosterone (T) was determined before and after a human chorionic gonadotropin stimulation (3,000 IU/m 2 /dose IM for three consecutive days; blood sampling on days one and four), to examine the possibility of true hermaphroditism. In addition, basal plasma ACTH and renin activity were obtained in cases one through three, and basal serum estradiol was measured in cases two and three. The results were compared with the age-matched reference data (11) (12) (13) . Furthermore, cortisol and 17-OHP values were also compared with those of patients with classical and/or nonclassical 21-OHD (14) .
Urine steroid hormone metabolite (M) profile was determined for random urine samples by a gas chromatograph mass spectrometry (15) . The results were compared with our data obtained from the following 1,111 subjects born at term: 1) 914 healthy subjects ( Mutation analysis of POR. This study has been approved by the Institutional Review Board Committee at National Center for Child Health and Development. After taking written informed consent, leukocyte genomic DNA was obtained from cases one through three and the parents of cases two and three. Direct sequencing was performed for the 15 exons and their flanking introns of POR, as previously described (4).
RESULTS
Endocrine studies. Blood hormone data were compatible with defective adrenal and gonadal steroidogenesis (Table 1) . ACTH was mildly elevated, and cortisol was normal at baseline but did not increase to the normal range after ACTH stimulation. This blunt cortisol response was similar to that of nonclassical 21-OHD. Basal and ACTH stimulated 17-OHP values were grossly similar to those of nonclassical 21-OHD and lower than those of classical 21-OHD. Pregnenolone and progesterone were elevated, and 17-OH pregnenolone was normal or elevated. Basal and ACTH stimulated deoxycorticosterone (DOC), dehydroepiandrosterone (DHEA), and androstenedione (⌬ 4 A) were grossly normal, as were basal renin activity and aldosterone. Basal and gonadotropin releasing hormone stimulated LH and FSH were normal or elevated, whereas basal and human chorionic gonadotropin stimulated T as well as basal estradiol were normal or decreased.
Urine hormone data were primarily consistent with combined CYP21A2 and CYP17A1 deficiency (Fig. 2) . Progesterone-M, 17-OHP-M, and 21-deoxycortisol (DOF)-M values tended to be higher than those in subjects with transient elevation of serum 17-OHP and control subjects; furthermore, progesterone-M values were similar to those in subjects with classical and non-classical 21-OHD, 17-OHP-M values were similar to those in subjects with nonclassical 21-OHD and lower than those in subjects with classical 21-OHD, and 21-DOF-M values were lower than those in subjects with classical and non-classical 21-OHD. DHEA-M values tended to be lower than those in nonPORD subjects, whereas ⌬ 4 A-M values, especially those before four months of age, tended to A-M (5␤-reduced) (etiocholanolone) remained grossly normal. 11-OH⌬ 4 A-M (5␣-reduced) (11-hydroxyandrosterone) values were normal or decreased, which were contrastive to high values in subjects with classical and nonclassical 21-OHD; thus, the ratios between 11-OH⌬ 4 A-M (5␣-reduced) and progesterone-M were low in cases one through three with PORD and high in subjects with classical and nonclassical 21-OHD. 17-OH pregnenolone-M, aldosterone-M, and cortisol-M values were similar among all subjects examined including cases one through three. Pregnenolone-M, DOC-M, and corticosterone-M values were very low in nonPORD subjects, and 11-DOF-M and 11-OH⌬ 4 A-M (5␤-reduced) values were very low in all subjects examined, so that, in conjunction with the interference of unknown steroids probably of fetal adrenal origin, it was impossible to measure them precisely.
Mutation analysis of POR. Cases one through three were homozygous for R457H at exon 11. This mutation should create a BsaXI restriction site, and this was confirmed by the BsaXI digestion. The parents of cases two and three were heterozygous for R457H.
DISCUSSION
POR mutation analysis revealed homozygosity for R457H in cases one through three. This is consistent with R457H being the most frequent mutation in the Japanese patients (4). Indeed, R457H accounts for 17 of 30 mutant alleles reported in the Japanese patients (1, 4, 6, 17) , and homozygosity for R457H has been identified in four Japanese patients who were born to nonconsanguineous parents (4, 6) . Furthermore, a founder effect has been suggested for R457H in the Japanese patients on the basis of invariable association between R457H and a specific pattern of 10 single nucleotide polymorphisms in the POR gene (4), although R457H has also been identified in four non-Japanese patients (2, 6) .
Clinical features in cases one through three would primarily be compatible with R457H retaining some residual activity (1,2,6) Since phenotypic severity is known to roughly correlate with residual POR activity (6), this would explain the absent or mild nondiagnostic skeletal lesion in cases one through three, the lack of adrenal crisis in cases one through three, and the normally masculinized external genitalia in case one. Although cases two and three had severely virilized external genitalia, this would be explained by two factors. First, since the placenta is known to produce a large amount of estrogens that are converted from androgens by CYP19A1 (18) , impaired placental CYP19A1 activity would result in a production of a fairly large amount of T and ⌬ 4 A in the presence of the residual POR activity, leading to the virilized genitalia. Such impaired CYP19A1 activity would also be relevant to maternal virilization and low urine E 3 excretion during pregnancy (5,8,9 ). Second, since 17-OHP should be accumulated in PORD, this would drive the sequential con- (2, 19) (Fig. 2,  upper part ). Although such a T independent "backdoor" pathway to DHT production is mediated by CYP17A1 as well as 5␣-reductase and other enzymes (2, 19) . 5␣-pregnane-3␣,17␣-diol-20-one is known to have a much higher affinity for CYP17A1 than 17-OHP (20) , so that this pathway would function better than the conventional pathway in PORD. The "backdoor" pathway has been shown in the tammar wallaby pouch young testis and immature mouse testis, and implicated in the virilization of female patients with 21-OHD and PORD (19) . In this regard, both factors would have contributed to the normal genitalia in case one.
Cases one through three were initially regarded as having nonclassical 21-OHD and/or aromatase deficiency but were subsequently demonstrated to have PORD. In this context, the present and the previous studies (1,2,4,5) imply that comprehensive assessment of several key findings is essential for the precise diagnosis of PORD. They include: 1) maternal virilization and low E 3 during the pregnancy; 2) the absence of skin pigmentation and the presence of subtle skeletal features in the physical examination; 3) the combined CYP21A2 and CYP17A1 deficiency in the adrenal function studies; and 4) the primary hypogonadism and PCO in the gonadal assessment. In particular, urine steroid profile analysis, though not prevailed, appears to be highly useful, because it invariably shows the combined enzymatic defect characteristic of PORD (2,4,21, this report). Thus, urine steroid profile analysis should serve for a screening of PORD in patients with apparent 21-OHD or aromatase deficiency, as well as in those with ABS-like skeletal phenotype as the primary phenotype.
